The discovery of γ-ray emission from radio-loud narrow-line Seyfert 1 (NLSy1) galaxies has questioned the need for large black hole masses ( > ∼ 10 8 M ⊙ ) to launch relativistic jets. We present near-infrared data of the γ-ray-emitting NLSy1 FBQS J1644+2619 that were collected using the camera CIRCE (Canarias InfraRed Camera Experiment) at the 10.4-m Gran Telescopio Canarias to investigate the structural properties of its host galaxy and to infer the black hole mass. The 2D surface brightness profile is modelled by the combination of a nuclear and a bulge component with a Sérsic profile with index n = 3.7, indicative of an elliptical galaxy. The structural parameters of the host are consistent with the correlations of effective radius and surface brightness against absolute magnitude measured for elliptical galaxies. From the bulge luminosity, we estimated a black hole mass of (2.1 ± 0.2)×10 8 M ⊙ , consistent with the values characterizing radio-loud active galactic nuclei.
INTRODUCTION
The mechanisms and the physical parameters for producing a relativistic jet in radio-loud active galactic nuclei (AGN) are still unclear. One of the key parameters seems to be the black hole (BH) mass, with only large masses leading to an efficient jet formation (e.g. Sikora, Stawarz & Lasota 2007) . The most powerful jets are found in luminous elliptical galaxies with very massive BH (M BH > 10 8 -10 9 M⊙). This is interpreted as indirect evidence that a high BH spin is required for the jet production. In fact, elliptical galaxies should be the result of at least a major merger event that is required for spinning up the central BH (e.g. Hopkins et al. 2008) . It is becoming increasingly clear that radio-loud AGN are the result of a specific path of galaxy evolution, involving mergers, coalescence and spin-up of BH (e.g. Capetti & Balmaverde 2006; Chiaberge et al. 2015) . These mechanisms are expected to operate only at the high end of the galaxy mass distribution, and therefore in AGN ⋆ E-mail: dammando@ira.inaf.it hosted by elliptical galaxies. Only a handful of powerful radio galaxies have been found in spirals (e.g. Morganti et al. 2011; Singh et al. 2015) , all of them with BH mass >10 8
M⊙.
The detection of variable γ-ray emission from a few radio-loud narrow-line Seyfert 1 (NLSy1) by the Fermi satellite (e.g. Abdo et al. 2009; D'Ammando et al. 2012 D'Ammando et al. , 2015 challenges this view of the mechanisms producing relativistic jets. NLSy1 represent a class of AGN identified by their optical properties (Osterbrock & Pogge 1985) : narrow permitted lines [FWHM(Hβ) < 2000 km s −1 , where FWHM stands for full width at half-maximum], [O III]/Hβ < 3, and a bump due to Fe II (see e.g. Pogge 2000, for a review). It was suggested that NLSy1 are young AGN with undermassive BH that are still growing (e.g. Mathur et al. 2000) . Indeed, BH mass estimates are typically in the range 10 6 -10 7 M⊙ (e.g. Yuan et al. 2008) . NLSy1 are generally radio-quiet, with only a small fraction (< 7%, Komossa et al. 2006 ) being radio-loud. Objects with very high values of radio-loudness (R > 100) are even more sparse (∼2.5%). NLSy1 are usually hosted in late-type galaxies (e.g. Deo et al. 2006) , where the prevalence of pseudo-bulges are observed and the growth of the central BH is governed by secular processes rather than a major merger (e.g. Mathur et al. 2012) , although some objects are associated with early-type S0 galaxies (e.g. Mrk 705 and Mrk 1239; Markarian et al. 1989) . Luminosity, variability and spectral γ-ray properties of the NLSy1 detected by Fermi-LAT indicate a blazar-like behaviour (e.g. D 'Ammando et al. 2016 ). In addition, apparent superluminal jet components were observed in SBS 0846+513 (D'Ammando et al. 2012) , PMN J0948+0022 and 1H 0323+342 (Lister et al. 2016) . According to the current knowledge on how relativistic jets are generated and develop (e.g. Böttcher & Dermer 2002; Marscher 2010) , these features should imply M BH > 10 8 M⊙ hosted in early-type galaxies. This seems to disagree with the lower BH masses estimated for NLSy1. However, it was claimed that the BH masses of these objects are underestimated due either to the effect of radiation pressure (Marconi et al. 2008) or to projection effects (Baldi et al. 2016) . As a consequence, NLSy1 might have larger BH masses, in agreement with the values estimated by modelling the optical/ultraviolet (optical/UV) data with a Shakura & Sunyaev disc spectrum (e.g. Calderone et al. 2013 ). Spiral galaxies are usually formed by minor mergers, with BH masses typically in the range 10 6 -10 7 M⊙ (e.g. Woo & Urry 2002) , so that it would not be clear how powerful relativistic jets could form in spiral galaxies.
To obtain important insights into the onset of the production of relativistic jets in AGN it is crucial to determine the type of galaxy hosting γ-ray-emitting NLSy1 and their BH mass. In this Letter, we report on the results of infrared (IR) observations of the NLSy1 FBQS J1644+2619 in the J band collected using the Canarias InfraRed Camera Experiment (CIRCE) at the 10.4-m Gran Telescopio Canarias (GTC). FBQS J1644+2619 is an NLSy1 (e.g. Yuan et al. 2008 ) at redshift z = 0.145 (Bade et al. 1995 ) associated with a γ-ray source (D'Ammando et al. 2015) . Here we perform a structural modelling of the FBQS J1644+2619 host galaxy and derive the BH mass estimate. Recently, this source has been observed in the J and Ks bands by Olguin-Iglesias et al. (2017) with the Nordic Optical Telescope (NOT). They decomposed the brightness profile up to ∼3.7 arcsec and modelled it with a pseudo-bulge, a disc and a ring component, with the addition of a stellar bar in the Ks band alone. Our new J-band observations are deeper and extend the profile out to 5 arcsec, better constraining the host profile. This Letter is organized as follows. In Section 2, we report the CIRCE data analysis and results. In Section 3, we discuss the host galaxy morphology of FBQS J1644+2619, the BH mass estimate and compare them to what is known for the other γ-ray-emitting NLSy1. We draw our conclusions in Section 4.
DATA ANALYSIS

Observations
We obtained near-IR images in the J band using the recently commissioned instrument CIRCE (Garner et al. 2014) In all panels, north is up and east is right. The observations were performed on 2016 July 16, in queue mode. The seeing value was 0.9 arcsec. A predefined dither pattern of nine positions was used. Frames were taken using individual integration times of 15 s (DIT = 15), in a Fowler 2 sampling readout mode, which was repeated three times (NRAMPS = 3) at each dither position. The dither pattern was repeated seven times, to reach a total of 47 min on-target exposure time.
Data reduction was performed using ad hoc routines written in IDL (Interactive Data Language). The first step in the data processing includes the subtraction of dark current frames. An illumination correction was obtained from twilight sky exposures in order to compensate a decrease of about 40 per cent, from the center to border of the field of view (FOV). A correction to remove a pattern of inclined stripes related to reading amplifiers was introduced at this point. Once this pattern was removed, the images corresponding to each dither cycle were median combined to form a sky frame, which was subtracted to each frame of the cycle. Finally, all sky-subtracted images are combined by the commonly used shift-and-add technique. During the combination of these frames, a bad-pixel mask was used, which includes the two vertical bands corresponding to nonfunctional amplifiers. The photometric calibration was obtained relative to a nearby Two-Micron All-Sky Survey (2MASS) field star, 2MASS J16444411+2619043, with quality flags 'A' in all bands, with an error of 0.031 mag. The derived zero-point in the J band was 24.21 (flux in ADU s −1 ), with an uncertainty of about 0.1, which was estimated by the comparison with other 2MASS field stars. Sources with J ∼ 20.5 are detected with signal-to-noise ratio ∼ 10.
Host galaxy structure
In Fig. 1 (top left-hand panel) , we show the central 12 × 12 arcsec 2 of the FBQS J1644+2619 deep J-band image. The object appears resolved by visual inspection, but to study the structure more quantitatively, we used the 2D surface brightness model fitting code GALFIT (Peng et al. 2002) . We considered a model consisting of a single bulge component, described by a Sérsic profile, and a point spread function (PSF) to account for the unresolved nuclear component. The PSF was obtained from a single nearby bright star (J = 14.2), hereafter PSF1, at a distance of 25 arcsec east of the target. We could not consider other close and bright stars to model the PSF due to the small FOV of our image. A PSF model was built using three Gaussians of different widths. We tested the PSF model with a different star in the field and the fit was successful showing no residual excess (Fig. 2) . All parameters of the Sérsic profile and the scaling factor of the PSF were allowed to vary freely. The residuals of the model PSF+Sérsic (see Fig. 1, upper panels) show a structure in the centre (r ≃ 1 arcsec), due to details not included in our PSF model. We also tried a model by considering PSF1 for the nuclear component, and the residuals are largely reduced (see Fig. 1 , right-hand panels). Therefore, we assumed this model as the reference for the structural galaxy host parameters. The best-fitting values are provided in Table 1. As a sanity check, we tried a model fitting after fixing Sérsic index to values n = 1, 2, but the residuals are much worse than for n > 3. The background was fixed to zero, which comes naturally from the data processing, although it exhibits large local variations. We measured the sky at different regions and obtained a 1σ rms value, which was used as an input for new GALFIT models. The resulting parameters are reported in Table 1 and are taken as the parameter uncertainty estimation. The residual image after subtracting only the scaled PSF1 shows a rather smooth structure, similar to an elliptical morphology (see Fig. 1, lower panels) . In addition, a positive residual region is observed around 3 arcsec south. This brightness enhancement has been reported by Olguin-Iglesias et al. (2017) , suggesting that it may be the hint of a merger event.
The 1D brightness profile of FBQS J1644+2619 is shown in Fig. 3 , as well as the profiles of the PSF component and the Sérsic model. The profile extends out to a radius r ∼ 5 arcsec. The nuclear contribution becomes weaker than the galactic one already at r < 1 arcsec and this allows us to study the host in great detail.
The best-fitting Sérsic index is n = 3.7, which is a good description of an elliptical galaxy (Blanton et al. 2003) . The ellipticity obtained from the 2D modelling is ǫ = 1 − b/a = 0.066, indicating that the host of FBQS J1644+2619 is an E1 type galaxy. The structural parameters of the host are consistent with the correlations of effective radius and surface brightness with absolute magnitude measured for elliptical galaxies in the Sloan Digital Sky Survey by Bernardi et al. (2003) . For consistency with their study, we repeated the fit with n = 4, corresponding to a de Vaucouleurs profile. We obtained Re = 0.92 arcsec, <µe> = 17.68 and MJ = −23.26. We adopted a colour g-J = 2.86 (Mannucci et al. 2001; Fukugita et al. 2006 ) from which Mg = −20.40, µe = 20.95 and log Re = 0.396.
From the 2D modelling and 1D profile, we then conclude that a bulge component is sufficient to account for the host galaxy structure in our image. The BH mass was computed using the relationship provided by Marconi & Hunt (2003) for the sub-group of galaxies with a secure BH mass estimate (i.e. group 1; see their table 2). The absolute J-band magnitude of the bulge is provided in Table 1 , and is corrected for the Galactic extinction. The K-correction was found to be negligible according to Chilingarian, Melchior & Zolotukhin (2010) . The resulting BH mass is (2.1 ± 0.2) ×10 8 M⊙. Considering the dispersion in the Marconi & Hunt (2003) LJ -MBH relation, we estimate a factor of ∼ 2 uncertainty on MBH.
DISCUSSION
In this Letter, we presented a structural modelling of the host galaxy of the γ-ray-emitting NLSy1 FBQS J1644+2619. The 2D surface brightness is fitted up to 5 arcsec (corresponding to 13 kpc) by the combination of a nuclear component and a bulge component with a Sérsic profile with index n = 3.7, indicative of an elliptical galaxy. The low ellipticity suggests that the host is an E1 galaxy and the structural parameters are consistent with the correlations of effective radius and surface brightness with absolute magnitude measured for elliptical galaxies. Our results seem to contradict the results reported in Olguin-Iglesias et al. (2017) for the same target. Studying its morphology in the J and Ks bands, they claim for a pseudo-bulge nature of the host. Although our deeper observation traces the host profile to a larger radius than those reported in Olguin-Iglesias et al. (2017), we do not find any evidence of the presence of a stellar bar that they report in our PSF-subtracted image residual. However, we cannot rule out the presence of other low-luminosity components such as, for example, a disc or a bar, on spatial scales larger than about 3 arcsec, where some residuals are present in our fit of the surface brightness distribution of the source (see Fig. 3, lower panel) .
Among the other NLSy1 detected by Fermi-LAT in γ-rays up to now, the morphology of the host galaxy has been investigated only for 1H 0323+342 and PKS 2004−447. Observations of 1H 0323+342 with the Hubble Space Telescope and the NOT revealed a structure that may be interpreted either as a one-armed galaxy (Zhou et al. 2007) or as a circumnuclear ring (Anton et al. 2008; Leon-Tavares et al. 2014) , suggesting two possibilities: the spiral arm of the host galaxy or the residual of a galaxy merger, respectively. In the case of PKS 2004−447, near-IR Very Large Telescope (VLT) observations suggested that the host may have a pseudobulge morphology (Kotilainen et al. 2016 ). This should imply that the relativistic jet in PKS 2004−447 is launched from a pseudo-bulge via secular processes, in contrast to the conjectures proposed for jet production. However, the surface brightness distribution of the host is not well constrained by a bulge+disc model at large radii, leaving the debate on its morphology open.
From the J-band bulge luminosity of the FBQS J1644+2619 host galaxy, we inferred a BH mass of (2.1 ± 0.2) ×10 8 M⊙. Earlier estimates span more than one order of magnitude. Yuan et al. (2008) calculated a virial mass MBH = 8 × 10
6 M⊙ from its optical spectrum and the broadline region (BLR) radius-luminosity relation by Kaspi et al. (2005) 1 . By modelling the optical-UV spectrum with a Shakura & Sunyaev accretion disc model, Calderone et al. (2013) found MBH = 1.6 × 10 8 M⊙. This value is compatible with that obtained from our IR observations. Black hole masses in the range (1.5-2.2) × 10 7 M⊙ were estimated for 1H 0323+342 from optical spectroscopy (Landt et al. 2017) , while values of (1.6-4.0) × 10 8 M⊙ were obtained by using the relation between the BH mass and the bulge luminosity, depending on the model used to reproduce the surface brightness profile (Leon- Tavares et al. 2014) . A significant discrepancy was also found in the BH mass estimates of PKS 2004−447. From the K-band bulge luminosity and the M BH-L bulge relation for pseudo-bulges from Ho & Kim (2014) , Kotilainen et al. (2016) estimated MBH = 9 × 10 7 M⊙, a value lower than that derived from VLT spectropolarimetric observations of the source (6 × 10 8 M⊙; Baldi et al. 2016) . However, the mass of the host galaxy inferred from the K-band luminosity by Kotilainen et al. (2016) , Mtot = 7 × 10 11 M⊙, is a typical value of a giant elliptical galaxy. From that value, by using the relation between BH mass, bulge mass, and near-IR luminosity proposed by Marconi & Hunt (2003) , we obtain a BH mass of 10 9 M⊙, not compatible with a spiral galaxy. As shown earlier, there is a discrepancy between the values of the BH mass obtained from the bulge luminosity and those obtained by scaling relations based on the emissionline properties. Leon-Tavares et al. (2014) proposed an explanation in which the BLR has a flat structure and the line profile depends on the inclination of its axis with respect to the line of sight. A similar scenario was proposed by Baldi et al. (2016) . Assuming that γ-ray emitters are oriented typically at i ≤ 5
• , the mass value obtained from the line profiles must be corrected by adding a factor between 0.84 and 1.16 dex (Decarli et al. 2008) , resulting in M BH ≥ 10 8 M⊙, which brings in better agreement the two types of BH mass estimations.
In view of the results of this Letter and of the above discussion, we conclude that there is no clear evidence that the γ-ray-emitting NLSy1 are hosted in spiral galaxies with low BH masses. In contrast, in the case of FBQS J1644+2619 the host is a typical E1 galaxy and the BH mass is well above Several studies indicate that powerful jets in AGN are produced only by the most massive black holes, with MBH > ∼ 10 8 M⊙. This idea has been challenged by the discovery of γ-ray emission from a few radio-loud NLSy1 galaxies, usually hosted in spiral galaxies with small BH masses (MBH ∼ 10 6 -10 7 M⊙), suggesting that their relativistic jets might be produced by a different mechanism. However, it has been claimed that the low MBH estimates might be due to projection and/or radiation pressure effects, while the optical classification of the galaxy hosting these objects is not clear.
In this Letter, we presented near-IR data of the γ-rayemitting NLSy1 galaxy FBQS J1644+2619, which were collected in the J band at the GTC with CIRCE. The aim was to establish the morphology of its host galaxy and to make a reliable estimate of its BH mass. The 2D surface brightness profile of the host galaxy of FBQS J1644+2619 is well described by an unresolved nuclear component and a single bulge component with a Sérsic profile with index n = 3.7, assessing an early-type galaxy profile. The BH mass estimated by the IR bulge luminosity is (2.1 ± 0.2) × 10 8 M⊙. All these pieces of evidence indicate that the relativistic jet in this NLSy1 is produced by a massive BH hosted in an elliptical galaxy with MBH > ∼ 10 8 M⊙, in agreement with the other radio-loud AGN. This is a key issue in the context of our understanding of the production of powerful relativistic jets in radio-loud AGN. Since the literature shows conflicting results, further high-resolution observations of the host galaxy of γ-ray-emitting NLSy1 are needed to cast more light on the sub-population of very radio loud NLSy1 and clarify the nature of their hosts.
